Angiotensin II (Ang II) infusion increases renal superoxide (O 2 -. ), and enhances renal vasoconstriction via macula densa regulation of tubuloglomerular feedback (TGF), but the mechanism is unclear. We targeted the p22 phox subunit of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (NOX) with small interfering RNA (siRNA) to reduce NADPH oxidase activity and BP response to Ang II in rats. We compared single nephron GFR (SNGFR) in samples collected from the proximal tubule (PT), which interrupts delivery to the macula densa (MD) and from the distal tubule (DT), which maintains delivery to the MD, to assess MD regulation of GFR. SNGFR was measured in control and Ang II infused rats (200 ng/kg/min X 7 days), 2 days after IV injection of vehicle or siRNA directed to p22 phox to test the hypothesis that p22 phox mediates MD regulation of SNGFR during Ang II. The regulation of SNGFR by macula densa, determined by PT SNGFR-DT SNGFR was not altered by siRNA in control rats (Control + Vehicle: 13±1, n=8; Control + siRNA: 12±2 nl/min, n=8, NS), but was reduced by siRNA in Ang II treated rats (Ang II + Vehicle: 13±2, n=7; Ang II + siRNA: 7±1 nl/min, n=8, p<0.05). We conclude that p22 phox and NADPH oxidase regulate the SNGFR during Ang II infusion via macula densa-dependent mechanisms.
NO is formed in the macula densa by nitric oxide synthase, type 1 (NOS-1) [2, 15, 33] , and modulates the tone of the afferent arteriole (AA) during stimulation of tubuloglomerular feedback (TGF), which is primarily a system that vasconstricts the renal AA [14, 31, 32] . Therefore during Ang II-induced vasoconstriction, NOX activity is stimulated and could enhance MD-induced AA resistance.
We tested the hypothesis that increased NOX activity mediated by enhanced RNA expression for p22 phox increases the role of the macula densa in reducing the SNGFR in rats infused for seven days with a subpressor dose of Ang II. This was assessed from a comparison of SNGFR values from samples drawn from the proximal tubule (PT) and from the distal tubule (DT). The difference in SNGFR derived from these two sites is a function of the influence of the MD on the GFR. The role for p22 phox was assessed by the intravenous injection of small interfering RNA to p22 phox subunit (compared to a scrambled sequence), which we have shown previously prevents the increase in p22 phox RNA and protein in the rat kidney during Ang II infusion [14] . 
Methods

Experimental design
Studies were approved by the Georgetown University Animal Care and Use Committee.
Experiments were conducted in 31 male Sprague-Dawley rats, 8-10 week of age, and weighing 253 to 399 g. Two groups were used to study the role of p22 phox under normal conditions (control). An osmotic minipump (model 2002, Alzet Corporation) delivering vehicle (0.9% NaCl) was placed in the nape of the neck under brief anesthesia (10 min) with 2% isofluorane on day 1, followed on day 5 by an injection of either vehicle (0.9% NaCl solution, n=8)) or siRNA to p22 phox (n=8). We previously injected siRNA one or two times via indwelling catheters [14] , but in this single dose study we injected the construct into the right jugular vein using the same hydrodynamic technique (7 ml over 10 seconds) under isofluorane anesthesia. Micropuncture was performed on day 7 for the measurement of the proximal and distal tubule single nephron GFR (SNGFR). Two other groups of rats were used to study the role of p22 phox under conditions of oxidative stress induced by Ang II infusion. These rats received a slow pressor infusion of Ang II (200 ng/kg/min, Bachem, Torrance, CA) by an osmotic minipump for seven days. They also received IV injections of either vehicle (n=7) or siRNA to p22 phox (n=8) on day 5, under isofluorane anesthesia and underwent micropuncture on day 7.
SiRNA construction and injection
The siRNA construct was identical to the method previously described [14] . 
Animal Preparation and Micropuncture Studies
The animals were maintained with ad libitum access to tap water and normal rat chow 
Data Analysis
All data are presented as mean ± SEM. We used 2 x 2 group, analysis of variance (ANOVA) with student's test for post-hoc comparison of the subgroups. P < 0.05 was considered significant.
Results
MAP, GFR and urine flow, measured under anesthesia are presented in Table 1 . MAP was higher in both Ang II-infused groups compared to controls. Urine flow was lower in
Ang II rats compared to control-vehicle treated rats and siRNA normalized urine flow in Ang II rats. (Table 1) . Whole kidney GFR, corrected for the body weight was higher in siRNA treated groups.
The PT SNGFR ranged between 50-60 nl/min and was not different among groups (Fig.   1A) . However, the DT SNGFR was increased by siRNA in Ang II infused rats, but not by siRNA in control rats (Fig 1B) . The influence of the MD was assessed by the difference in SNGFR measured from the proximal and distal tubules (as described above). The difference between PT and DT SNGFR in control rats was 12.2±1.6 nl/min, indicating a substantial role for the MD. This value was reduced by nearly 50% (6.7±0.9 nl/min) in rats injected with siRNA to p22 phox in Ang II rats (Fig. 2) .
Ang II infused rats had 3-fold higher expression of p22 phox mRNA in the renal cortex compared to control. Injection of siRNA reduced the expression of p22 phox mRNA in the [14] , but the role of the renal NOX was not assessed specifically in that study. Here we implicate p22 phox in the macula densa regulation of SNGFR during Ang II. This suggests that the NOX system can regulate macula densa-afferent arteriolar signaling or responsiveness in Ang II-infused rats.
Tubuloglomerular feedback (TGF) is a graded vasoconstriction of the renal afferent
arteriole in response to increased delivery and reabsorption of sodium chloride (NaCl) at the macula densa cells. Adjustments in TGF permit the timely and efficient excretion of NaCl in response to changes in salt intake or blood pressure and contribute to autoregulation of the renal blood flow (RBF), glomerular capillary pressure and SNGFR [1] . TGF is assessed by in vivo isolation of a single nephron with controlled perfusion of the loop of Henle (LH) [32] or by measuring the difference between SNGFR calculated from PT and DT collections [20] . The latter method has the advantage of using ambient flows to test the role of MD under normal conditions, whereas the former method 9 measures the maximal TGF capacity during perfusion of artificial fluids. Both methods have been used to evaluate the role of the MD in control of GFR [33] .
Wilcox et al [33] , and Mundel et al [15] described substantial expression of the neuronal isoform of nitric oxide synthase (NOS-I) in the macula densa cells of rats. Nitric oxide (NO) generated by NOS-I in the macula densa during luminal NaCl reabsorption blunts the TGF response [32] . Chabrashvili et al [2] reported that macula densa cells in rats also express a complete complement of NADPH oxidase components, which provoked the hypothesis that the TGF response is regulated by an interaction between superoxide (O 2 -. )
and NO in the juxtaglomerular apparatus. Welch et al [14, 31, 32, 33] showed that TGF Ang II can enhance the responsiveness of the TGF [22] and constrict the renal afferent arteriole [28] . Ang II administered acutely either by intravenous infusion [13, 21] or by peritubular capillary infusion [13] significantly enhances the afferent arteriolar response to increased NaCl delivery to the macula densa. TGF is absent in homozygous AT 1A receptor-deficient [23] or angiotensin converting enzyme (ACE) deficient mice [26] .
Acute blockade of Ang II receptors [10, 17, 25] or Ang II generation attenuates TGF, which can be partly restored by IV infusion of Ang II. [25, 27] . TGF is also enhanced in augmented Ang II conditions such as one-kidney one-clip hypertensive rats [18] , or in the non-clipped kidney of Goldblatt hypertensive rats [8] . Collectively these data suggest a modulatory role for Ang II in the signal transduction pathway that links the macula densa with the glomerular vascular pole. Why the macula densa regulation of SNGFR was not The finding that whole kidney GFR was increased by siRNA to p22 phox in both control and Ang II-infused rats was not anticipated since PT-DT SNGFR was reduced only in the Ang II-infused group. This might be related to an MD-independent effect of NADPH oxidase on the renal afferent arteriole since there is some regulation of the renal afferent arteriole even in normal rats [35] . Alternately, it may signify that the outer cortical nephrons sampled in this study were not fully representative of whole kidney function.
Similarly, the decrease in urine flow in the control group treated with siRNA is not clearly understood, since GFR was increased (Table 1) . It is possible that more distal effects of inhibition of NADPH oxidase decreased solute uptake, similar to the effects seen in the thick ascending loop of Henle [11] resulting in greater urine flow. However, since this was not observed in Ang II-infused rats, it will require further study to interpret.
During the slow pressor response to Ang II, several studies have shown that changes in renal function contribute to the hypertension. The lumen of pre-glomerular, but not postglomerular arterioles is reduced by low dose Ang II, infused either systemically [4, 9, 24] or via the renal artery [1] . Characterization of the determinants of SNGFR in the Munich
Wistar rats show a predominant increase in efferent arteriolar resistance with
Page 10 of 22
Copyright Information maintenance of filtration because an increase in glomerular capillary hydrostatic pressure is offset by a reduction in glomerular plasma flow and ultrafiltration coefficient [1] .
Ang II stimulates renal NADP/NADPH oxidase [29] , and thereby reduces NO bioactivity [34] . Indeed studies in the SHR have concluded that inhibition of O 2 -by tempol can restore NO signaling in the JGA [30] . Guan et al reported that an acute intrarenal infusion of Ang II increases oxidant activity and facilitated autoregulation of renal blood flow by local depletion of NO [6] . Suppression of the expression of p22 phox was selected to study the role of NADPH oxidase activity, since it is apparently a requirement for the activity of the NOS-1, -2 and -4 iosforms of NADPH oxidase. [5] . O 2 -generated in the TALH may also affect NO-regulated Na + uptake and thus alter the signal to the MD that initiates TGF [19] . In addition, recent evidence suggests that O 2 -may increase TGF by direct constriction of the renal arterioles [12] . The exact mechanism of O 2 -action on TGF is not established by this study.
Other evidence that the slow pressor Ang II model represents a balance between O 2 -and NO comes from the finding that L-NAME accelerates the increase in MAP to low dose Ang II [3] . This effect of L-NAME is maximal at 2-4 days. Conversely, low dose infusion of Ang II increases excretion of isoprostanes, a marker for O 2 -production [16] and increases renal cortical NOX activity [14] . We showed previously that a reduction of NOX by siRNA to p22 phox ameliorated hypertension and excretion of isoprostane during Ang II infusion [14] . The present study demonstrates important functional changes in the renal regulation of hemodynamics due to p22 phox in this model.
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PERSPECTIVES
NOX expression is increased by low doses of Ang II [2] . Therefore the reduction of NOX by siRNA to p22 phox in Ang II infused rats may explain the blunting of the role of the MD in regulation of SNGFR. The absence of an effect of siRNA to p22 phox in normal rats is consistent with prior findings that oxidative stress in the JGA of normal rats has a minimal or absent effect on TGF and macula densa-afferent arteriolar signaling [32] . A blunting of TGF by siRNA to p22 phox in Ang II infused rats may perhaps contribute to the reduction in BP seen in conscious animals in our previous study. A fall in BP was not seen in this study under anesthesia and at an earlier phase of Ang II infusion. These results link renal NOX to the control of GFR by the MD. , p<0.001 compared to Control-vehicle; ***, p<0.001 compared to vehicle.
